Abstract Insulin secretion in β-pancreatic cells due to glucose stimulation requires the coordinated alteration of cellular ion concentrations and a substantial membrane depolarization to enable insulin vesicle fusion with the cellular membrane. The cornerstones of this cascade are well characterized, yet current knowledge argues for the involvement of additional ion channels in this process. TRPM5 is a cation channel expressed in β-cells and proposed to be involved in coupling intracellular Ca 2+ release to electrical activity and cellular responses. Here, we report that TRPM5 acts as an indispensable regulator of insulin secretion. In vivo glucose tolerance tests showed that Trpm5 −/− -mice maintain elevated blood glucose levels for over an hour compared to wild-type littermates, while insulin sensitivity is normal in Trpm5 −/− -mice. In pancreatic islets isolated from Trpm5 −/− -mice, hyperglycemia as well as arginine-induced insulin secretion was diminished.
Introduction
Elevated plasma glucose levels induce the secretion of insulin from β-pancreatic cells mainly via two signaling pathways. The main cascade is initiated by the uptake of glucose into the β-pancreatic cell by a glucose transporter, whereupon glucose is metabolized increasing the cellular ATP-to-ADP ratio. This results in the closure of ATPsensitive K + -(K ATP ) channels [1, 6] , plasma membrane depolarization, and Ca 2+ -influx through voltage-dependent Ca 2+ channels [26] . This Ca 2+ increase finally triggers the fusion of insulin-containing vesicles with the plasma membrane [18] representing the first phase of insulin secretion. The second signaling cascade is also called the (K ATP )-independent pathway. It initiates the second phase of insulin secretion in response to glucose at already elevated intracellular (cytosolic) free Ca 2+ -concentrations [Ca 2+ ] i [12] . This pathway in principle seems to enhance the efficiency of Ca 2+ -based insulin secretion. Membrane depolarization and elevated [Ca 2+ ] i due to elevated glucose concentrations trigger insulin secretion oscillate, consequently producing oscillatory insulin secretion [9, 11] . Defects in Ca 2+ oscillation have been associated with non-insulin-dependent diabetes mellitus [24] . Although basic knowledge of Ca 2+ oscillations (probably involving activation of sarco(endo)plasmic reticulum Ca 2+ pumps) and membrane depolarization exists, the exact underlying mechanisms remain mostly elusive. However, one known critical step for initial insulin secretion is the activation of voltagedependent calcium channels (VDCC) that need a certain membrane depolarization to get activated. The strongest Ca 2+ -influx in β-pancreatic cells can be observed at a membrane potential of around 0 mV [2, 3, 10, 30] ; however, such a strong membrane depolarization cannot be attributed solely to the closure of the (K ATP ) channels. This argues for the need of a background current that shifts the membrane potential away from the equilibrium potential of K + . Hence, the existence of at least another additional depolarizing component (e.g., an ion channel) has been postulated for β-pancreatic cells [1, 25] .
One ion channel fulfilling the requirements for participating in the described scenario is TRPM5. It belongs to the subfamily of melastatin-related transient receptor potential (TRPM) proteins, and it requires rapid changes in intracellular Ca 2+ concentration ([Ca 2+ ] i ) to generate significant whole-cell currents, whereas a slow [Ca 2+ ] i increase seems to be ineffective [22] . Initial work showed TRPM5 to be involved in the taste sensation of bitter and/or sweet compounds [20] , as mice deficient for TRPM5 protein lack sweet, amino acid, and bitter taste reception, but respond normal to sour or salty flavors [32] . Human and murine TRPM5 are expressed in a variety of fetal and adult tissues [8] .
TRPM5 also is active in human pancreatic islets and murine pancreatic β-cells and rat β-cells [22] . In a rat pancreatic β-cell line, an outwardly rectifying TRPM5-like current was induced by suitable intracellular Ca 2+ stimuli. Thus, TRPM5 forms a functional calcium-activated nonselective cation (CAN) channel also in pancreatic β-cells conducting mainly Na + and K + ions without significant permeation to Ca 2+ . Its activation has been proposed to lead to membrane depolarization [22] . We here aimed to elucidate whether TRPM5 underlies the proposed membrane-depolarizing component leading to VDCC activation and thereby influencing glucose-stimulated insulin secretion.
Material and methods

Glucose and insulin tolerance
For glucose tolerance testing, Trpm5 +/+ -, Trpm5 +/− -, and Trpm5 −/− -mice, ages 5-12 weeks, received 2 g/kg of D-(+)-glucose intraperitoneally after a 12-16-h fast. Glucose levels from tail blood were measured over a time course of 2 h using a hand-held glucosemeter. To determine the insulin tolerance, random-fed mice of the three genetic groups received 0.75 U/kg of human insulin intraperitoneally, and glucose blood levels were measured over a time course of 1 h as described above. Paired Student's t tests were used to assess significance of differences between samples.
Islet isolation
Islets were isolated as described by Shewade and coworkers and Srivastava and Goren [27, 28] . (RPMI-1640) (supplemented with 10% FCS, 2 mM glutamine, 100 IU/ml penicillin, 100 µg/ml streptomycin, and 3 mM glucose). Three times ten islets of similar size were manually picked and transferred to 30 ml fresh prewarmed RPMI-1640 (supplemented with 10% FCS, 2 mM glutamine, 100 IU/ml penicillin, 100 µg/ml streptomycin, and 3 mM glucose). Prior to insulin measurements, isolated islets were incubated for 16-20 h in a 24-well cell culture plate with transwell polycarbonate membrane inserts to allow islets to equilibrate to in vitro conditions and to become enriched over acinar tissue. For further islet treatment and measurement of insulin secretion, groups of ten islets were analyzed on transwell polycarbonate membranes.
Islet treatment, insulin secretion, and insulin content RPMI-equilibrated islets were washed in 1,150 µl prewarmed (37°C) Krebs-Ringer bicarbonate buffer (KRB; pH7.4 containing 2.4 mM CaCl 2 , 120 mM NaCl, 1.2 mM MgSO 4 , 5.4 mM KCl, 1.2 mM KH 2 PO 4 , 20 mM HEPES, and 2 mg/ml phenol red, supplemented with 0.1% BSA, 2.8 mM glucose), then transferred to a second KRB buffer plate (in 700-µl volume), and preincubated for 30 min at 37°C and 5% CO 2 . Islets were then incubated at room temperature (app. 20°C) on a shaking incubator with either 700 µl KRB (supplemented with 0.1% BSA, 2.8 mM glucose), 700 µl KRB (supplemented with 0.1% BSA, 16.8 mM glucose), or 700 µl KRB (supplemented with 0.1% BSA, 20 mM arginine). Thirty microliters were collected at 1, 2, 5, 10, and 30 min and stored at −20°C until measured for insulin content. Paired Student's t tests were used to assess significance of differences between samples. At the end of the experiment, the complete insulin was determined by overlaying the pancreatic islets with 1.2 ml ice-cold acid ethanol (ethanol/HCl/H 2 O, 150:3:147).
Results
Impaired glucose tolerance with persisting insulin sensitivity in Trpm5
−/− -mice Since TRPM5 is a candidate for the postulated background current in the insulin release scenario, we examined whether removal of TRPM5 significantly influences glucose-induced insulin secretion. We obtained Trpm5 ) for subsequent experiments. All three phenotypes were euglycemic as determined by measuring fasting blood glucose levels from tail blood (WT: 92.1±5.6 mg/dl, n=10; HET: 93.3±3.5 mg/ dl, n=10; KO: 92.64±6.0 mg/dl, n=10).
For glucose tolerance testing, mice of each of the three genetic groups received 2 g/kg of D-(+)-glucose intraperitoneally after a 12-16-h fast. Blood glucose levels from tail blood were measured over a time course of 2 h. To determine insulin tolerance, random-fed mice of the three genetic groups received 0.75 U/kg of human insulin intraperitoneally, and blood glucose levels from tail blood were measured over a time course of 1 h. KO mice deficient for TRPM5 (Trpm5 −/− ) showed impaired glucose tolerance performance to both WT and HET mice (P<0.01 (paired Student's t test)) with slower achievement of normal blood glucose levels ( Fig. 1a) , whereas insulin sensitivity was unaffected as depicted by the insulin tolerance test (Fig. 1b) . This indicates that TRPM5 may be involved in glucose-induced insulin secretion.
Loss of hyperglycemia-induced insulin secretion in Trpm5 −/− -islets
To further elucidate the impaired glucose tolerance observed in KO Trpm5 −/− -mice, we next measured glucose-induced insulin secretion in isolated pancreatic islets. Here, pancreas of age-and gender-matched WT Trpm5 +/+ -and KO Trpm5 −/− -mice were isolated, collagenase digested, and islets were manually collected under a microscope. Islets were cultured in RPMI-1640 for 16-20 h, a period that allows islets to equilibrate to in vitro conditions and to become enriched over acinar tissue [27, 28] . Two groups of ten equilibrated islets of the wild type and four groups of islets from the Trpm5 −/− -mice were incubated with either 2.8 or 16.8 mM glucose, respectively. Aliquots were removed at timed intervals, and secreted insulin was measured by anti-insulin ELISA. To normalize data for inherent differences in donor mice, islet handling, and assays across experimental days, insulin secretion was expressed as percent of islet insulin content [28] . All assayed islets of both phenotypes (WT and KO) contained similar insulin concentrations (Trpm5 +/+ -islets: 0.342± 0.044 µg/µl, n=6; Trpm5 −/− -islets: 0.345±0.036 µg/µl, n=12), indicating that islet insulin content was affected neither by absence of TRPM5 nor treatment procedure. Islets of Trpm5 +/+ -and Trpm5 −/− -mice secreted insulin in an anticipated manner when incubated with 2.8 mM glucose, exhibiting a constant and slow increase in secreted insulin (Fig. 2a, closed circles) . When equilibrated Trpm5 +/+ -islets were added to 16.8 mM glucose (Fig. 2a, open circles) , a rapid rise in insulin secretion was detected within the 30-min experimental time. This behavior is also reflected when analyzing the relative change of insulin secretion in WT islets over time by subtraction of low-glucose data from the respective high-glucose results assessed at corresponding time intervals: High-glucose exposure results in up to 2.8-fold enhanced insulin secretion within 2 min of stimulation (Fig. 2c, upper  graph) . This reflects the insulin secretion kinetic of isolated murine pancreatic islets as reported previously [28] .
In contrast, exposing TRPM5-deficient islets to 16.8 mM glucose (Fig. 2b , open circles) did not result in an enhanced insulin secretion response within 30-min observational window of the assay compared to glucose exposure at control levels (2.8 mM; Fig. 2b, closed circles) . Analysis of the relative change in insulin release comparing control and high-glucose conditions confirms that Trpm5 −/− -islets showed no significant different insulin secretion kinetics (Fig. 2c, lower graph) . Moreover, high-glucose stimulation in Trpm5 −/− -islets never elicited an insulin response significantly above basal release (Fig. 2c) . These data indicate that TRPM5 is involved in the regulation of hyperglycemia-induced insulin release.
Depolarization-induced insulin secretion is impaired in Trpm5 −/− -islets Since Trpm5 −/− -islets exhibit impaired hyperglycemiastimulated insulin secretion, TRPM5 may constitute a part of the depolarizing background current necessary to trigger VDCC activation with subsequent Ca 2+ influx and insulin secretion in pancreatic β-cells. To differentiate whether TRPM5 is needed during membrane depolarization or whether the channel is additionally coupled to cellular metabolic events triggered by hyperglycemia, we stimulated insulin secretion in isolated islets of age-and gender-matched WT C57Bl/6 (Trpm5
) and Trpm5-deficient KO (Trpm5 −/− ) mice by exposing them to 20 mM arginine. This amino acid passively enters cells in a positively charged form and consequently leads to depolarization of the cell membrane and subsequent insulin release, thereby uncoupling membrane depolarization and metabolic events [13] . To monitor the insulin secretion over time, aliquots were removed at timed intervals, and secreted insulin was measured by antiinsulin ELISA. In analogy to the glucose stimulation of islets mentioned above (Fig. 2) , insulin secretion was expressed as the percent of islet insulin content [28] . Exposure of WT islets to 20 mM arginine resulted in a moderate but significant increase of insulin secretion during the first 10 min. However, exposing Trpm5 −/− -islets to 20 mM arginine suppressed, rather than enhanced, insulin secretion (Fig. 3b, open circles) when compared to data obtained from the low-glucose stimulation (2.8 mM; Fig. 3b, closed circles) . Therefore, insulin secretion stimulated in Trpm5 −/− -islets by arginine-induced depolarization seems even less efficient than glucose stimulation (Figs. 2c and 3c , lower graphs). Taken together, these data show that pancreatic islets isolated from TRPM5-deficient mice manifest impaired release kinetics during stimulus-induced insulin secretion resulting in prolonged elevation of glucose blood levels in the whole animal. 
Discussion
Glucose stimulation of pancreatic β-cells initiates insulin secretion via a multi-step process. Key components mediating glucose stimuli seem to be the closure of ATPsensitive K + (K ATP ) channels, followed by membrane depolarization and a consequent increase of [Ca 2+ ] i due to activation of VDCCs [1] . The closure of the (K ATP ) channels alone is not sufficient to obtain the required magnitude of depolarization for optimal activation of the VDCCs, suggesting the contribution of other components changing the membrane potential [1] . Depolarization of the plasma membrane induced by TRPM5 activation (or activation of the closely related TRPM4) and subsequent Na + -influx could therefore represent the missing link leading to VDCC opening (for review see [14] ). Experiments excluding extracellular Na + during glucose stimulation have been shown to cause a transient repolarization of the β-cell membrane [17] , supporting the notion of a Na + influx being the depolarization force. A close homolog to TRPM5, the Ca 2+ -activated ion channel TRPM4, has been discussed as a depolarizing mediator in this context, since activation of TRPM4 depolarizes cells from negative resting membrane potentials to around 0 mV. Inhibition of TRPM4 by its dominant-negative construct delta-N-Trpm4 was found to significantly decrease insulin secretion in a rodent insulinoma-derived pancreatic β-cell line (INS-1) with profound impact on the amplitude of insulin oscillations [4] . However, while INS-1 cells are reported to retain normal regulation of glucose-induced insulin secretion, their behavior is known to not perfectly mimic that of primary β-cell physiology [21] . Accordingly, TRPM4-deficient mice showed no significant differences in glucose tolerance tests or insulin release in isolated islet or whole animal experiments compared to control [29] . This suggests that the effects observed on cellular level are somehow buffered on a whole organism level by redundant function of other depolarizing channels, such as TRPM5 [19] .
While we find impaired glucose tolerance in Trpm5 −/− -mice, the absence of TRPM5 does not lead to ablation of insulin secretion, which would result in a permanently high blood glucose level. It rather leads to a prolonged elevation of blood glucose levels, suggesting imperfect insulin secretion. Since this effect can be detected both in the whole organism and in pancreatic islets, TRPM5 seems to be an indispensable part of the insulin secretion process. Very recently, another report on the role of TRPM5 in pancreatic beta cells was published suggesting reduced glucose tolerance in Trpm5 −/− -mice [5] , similar to our finding (Fig. 1a) . Insulin release from the isolated wild-type pancreatic islets in the experimental conditions presented here show on the long term (after 30 min) a∼1.4-fold increase of insulin release after 16.8 mM glucose challenge. This is lower as found by Colsoul and coworkers that present an∼8-fold increase after 1 h of stimulation, which suggests that the pancreatic islets responded less efficiently in our study. As a consequence, the Trpm5 −/− -islets show a reduced stimulation in the long-term setting [5] and no enhanced insulin secretion at all in our setting.
In Trpm5 −/− -mice, Colsoul and coworkers find a correlation of this metabolic phenotype and the absence of pancreatic islets that were able to produce fast glucoseinduced intracellular Ca 2+ oscillations. They state that TRPM5 is not functionally relevant in slow or compoundoscillating islets, which could explain the moderate (but −/− -islets stimulated with 2.8 mM glucose (closed circles, same data set as in Fig. 2b ) and 20 mM arginine (open circles). Error bars represent SEM (n=8). c Relative change of insulin release assessed by subtracting low-glucose data from 20 mM arginine data for both Trpm5 +/+ -(upper graph) and Trpm5 −/− -(lower graph) islets. Data sets taken from a and b, respectively significant) glucose intolerance in Trpm5 −/− -mice. Colsoul and coworkers suggest the weight of TRPM5-mediated depolarization to be coupled to the glycolytic rate in beta cells, with TRPM5 activity depolarizing the cell membrane only at high glycolytic activity with low activity of K ATP channels [5] . Our data confirm the need for TRPM5 in proper membrane depolarization; however, the observed lack of insulin secretion due to arginine stimulation in Trpm5 −/− -mice (Fig. 3) suggests that the role of TRPM5 is not restricted to the enhancement of (K ATP ) channel-mediated depolarization. The effects of arginine at low-glucose concentrations result in a weak but significant depolarization and subsequent insulin release in wild-type pancreatic islets. This is solely based on membrane depolarization and not affected by metabolic processes or any known partners of the classical K ATP pathway. The use of arginine therefore allows cellular Ca 2+ to fluctuate under the sole influence of the depolarization stimulus and enables us to correlate this with the rate of insulin secretion measured in the presence or absence of TRPM5. Reduction of arginine-induced insulin secretion in Trpm5 −/− -mice to the level seen with low-glucose stimulation argues for an additional role of TRPM5 in the secretion cascade. Recent analyses in pancreatic β-cells lacking the (K ATP ) channel due to deficiency of the pore-forming subunit Kir6.2 show that control of the Ca 2+ signals induced by glucose stimulation is still functional, despite the absence of (K ATP ) channels [23] . This finding supports models implicating a (K ATP ) channel-independent amplifying pathway in glucose-induced insulin secretion. The primary effect of glucose stimulation is the synthesis of ATP. Besides the closure of existing (K ATP ) channels, it is also used to synthesize cyclic adenosine diphosphate ribose (cADPR) and nicotinic acid dinucleotide phosphate (NAADP) catalyzed by the ADP-ribosyl cyclase (CD38) [15, 17, 28, 31] . Both agents stimulate the release of stored Ca 2+ from intracellular stores [28] , a well-known trigger for ions out of the cell contributing to the resting membrane potential causing VDCCs to remain closed and insulin-filled vesicles to pause within the cytoplasm beneath the outer cell membrane. b At elevated glucose levels (>5 mM), the glucose uptake increases and consequently leads to enhanced ATP production. The resulting high ATP/ ADP ratio within the cell closes the (K ATP ) channel, and the membrane potential is shifted to the K + equilibrium potential. This depolarization needs further amplification, e.g., via activation of TRPM5 resulting in Na + -influx (arrow 1), to reach the VDCC activation potential of around 0 mV with a consequential influx of Ca 2+ ions that trigger insulin secretion (triggering pathway). The processing of glucose does not only lead to ATP production that closes (K ATP ) channels but also results in production of cADPR and NAADP that both can stimulate the release of stored Ca 2+ from intracellular stores and thus are able to activate TRPM5. Thus, TRPM5 could also be part of the metabolic amplifying pathway of glucose-induced insulin secretion (arrow 2). Besides a possible function in the described triggering and/or amplifying pathway, the presented indispensability of TRPM5 for proper insulin secretion even with VDCC activation by arginine stimulation could also go along with a role of TRPM5 in the direct secretion process, e.g., as part of the process of vesicle-membrane fusion (arrow 3) TRPM5 activation [22] . The lack of CD38 in mice and humans causes an impaired glucose-stimulated insulin secretion [15, 17, 31] . In this context, TRPM5 could bring together metabolic effects and the triggering of insulin secretion. A role of TRPM5 as a mediator of signals originating from the metabolic amplifying pathway suggests the function of this CAN channel most likely to link them again to the depolarization cascade, contributing to the fine tuning of the membrane potential and Ca 2+ oscillations in the presence of a glucose stimulus. However, we can show that a sole depolarization by arginine that should be able to override the lack of TRPM5 still does not lead to an improved insulin secretion.
In conclusion, our data reveal that TRPM5 is indispensable for proper insulin secretion after glucose stimulation and thus support the finding published by Colsoul and coworkers [5] . The known function as a Na + -transporting CAN channel suggests an involvement in membrane depolarization downstream of the closure of (K ATP ) channels. It could be either activated by a still ineffective VDCC opening as part of the triggering pathway or by the metabolic amplifying pathway (compare Fig. 4 and for review [14] ). Yet, neither these suggestive roles nor the proposed connection of TRPM5-mediated depolarization being coupled to the glycolytic rate in the beta cell [5] can explain why a depolarization that should result in activation of the VDCCs (e.g., with arginine) does not improve insulin secretion when TRPM5 is lacking. We hypothesize an additional role of TRPM5 in the direct secretion process aside of VDCC activation maybe as part of the process of vesicle-membrane fusion.
As a consequence, deregulated or functionally altered TRPM5 could predispose to pancreatic diseases, whereby an accumulation of defects could cause pancreatic β-cell malfunction like in some forms of type 2 diabetes, where defects in Ca 2+ and insulin oscillations are observed. In support of this, Goto-Kakizaki rats, a genetic model of non-obese type 2 diabetes, showing decreased β-cell mass, impaired insulin secretion and mild hyperglycemia, were found to have ninefold decreased TRPM5-levels [16] . There are still questions remaining regarding the mechanism by which TRPM5 activity is regulated and how TRPM5 integrates multiple types of sensory input in different cell types. However, the integration of TRPM5 into the process of insulin secretion in pancreatic β-cells makes this channel an attractive novel candidate for drug development in diabetes therapy.
